T Although during recent years considerable progress has been made towards an understanding of the hydrogen bond, the extent to which this contributes towards the stability and structure of the protein molecule is still very speculative. Astbury (1940) has recently reviewed the question. Owing to the very fundamental part played by the -CO .NH-group, it is of great interest to study the behaviour of this and similar groups in simple compounds, particularly in an aqueous medium. The monolayer technique is very suitable for this , and, as already shown, indicates that the polar group structure in an aqueous medium may differ very markedly from that in non-polar media (Alexander 1939) . Since the study of the hydrogen bond by X-ray or infra-red methods is mainly limited to the solid state or to non-polar solvents, the importance of such an examination is readily apparent. From the experimental data discussed [ 470 ] below it would seem that the hydrogen bond plays a large part in de termining the monolayer characteristics of compounds containing the -CO.NH-linkage (Alexander and Rideal 1941) . Accordingly it becomes possible to study the effect of such compounds as denaturing and swelling agents on the hydrogen bond between simple molecules containing this link age, a question of great importance in elucidating their behaviour towards the protein molecule. The question of the nature of the cross-linkages in protein monolayers, which is far from settled, may also be clarified.
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From general reasoning it might be anticipated that two factors would be operative in determining the extent of cross-hydrogen bonding in the monolayer. The first and most important is the steric one. Since in monolayers the minimum cross-sectional area occupied by an unsubstituted hydrocarbon chain is 19-20 A2, the polar groups cannot approach more closely than about 4-5 A. Consequently such simple groups as -OH are prohibited from forming direct intermolecular bonds, and can only form hydrogen bonds with water. (They may, of course, form cross-linkages through the intermediary of a water molecule, as discussed later.) Larger groups, however, such as -COOH, -CO.NH-, and -N H .CO.NH2, can bridge distances of this size, and, as shown below, often tend to do so. The second factor to be considered is the strength of the cross-hydrogen bond as compared with that to water. If the former greatly exceeds the latter, and provided that the molecular area is suitable, a strong tendency towards formation of solid or gel-like films should result. This is well shown by the ureas and a-amino acids which are described below.
The only previously suggested example showing cross-hydrogen bonding in a single long-chain component monolayer (as contrasted to the two com ponent systems present in mixed monolayers) was the trans dihydroxy behenic acid (Marsden and Rideal 1938) . Davies (19406) , however, has shown that in the solid state both cis and trans compounds show precisely similar intramolecular hydrogen bonding, and, as he points out, the difference in monolayer behaviour may be due solely to the greater ease of packing of the long chains in the trans compound. Further doubt follows from a calculation of the intermolecular hydrogen bond distance in the monolayer, which has a minimum value of ca. 3-1 A for the trans compound, a rather high value as compared with ca. 2-7 A in the alcohols. (The calculation follows that given below for the acetamides.)
In mixed monolayers of two long-chain components the tendency towards solidification and condensation is well shown in those examples where cross hydrogen bonding would be expected, e.g. octadecylamine hydrochloride (pH 2) and octadecyl methyl ether (Marsden and Schulman 1938) , cetyl alcohol and sodium cetyl sulphate (Schulman and Stenhagen 1938) . Sodium cetyl sulphate shows a very powerful interaction with cholesterol, but a very weak one with cholesterol acetate (Schulman and Rideal 1937) , readily explicable on this basis since no hydrogen bonding can occur with the latter. I t may be suggested also th at part of the differ ences observed on varying the hydrophobic portion of the molecule,, e.g. oleyl, elaidyl and octadecyl alcohols with sodium cetyl sulphate (Schulman and Stenhagen 1938) , can be ascribed to steric effects modifying the strength of the cross-hydrogen bonding, as indicated in this paper.
The rather sharp transition temperatures shown by condensed monolayers of ureas, acetamides and acetanilides (Adam 1922 (Adam , 1923 Adam and Dyer 1924) , the large areas of unionized acid films and the shrinkage on partial ionization, can also be readily explained. Again, a comparison between substituted amides and analogous esters with very similar head groups, but where the latter cannot form cross-linkages, showrs many striking differences. An increase in the expansion temperature should also be brought about by such cross-hydrogen bonding. This is well shown by table 1, giving the half-expansion temperatures (T^) under a standard pressure of 1*44 dynes/cm. (Adam 1938) . Other factors enter as well, but the general trend is quite clear, as is also the change in physical state.
A detailed discussion of films of acetamides, ureas, amides, acetanilides, aldoximes, unsubstituted and a-:amino acids is given below.
E x p e r i m e n t a l m e t h o d s
The apparatus, which allowed of simultaneous force, area and potential observations, needs no description. The temperature could be raised by means of a heating coil below the trough, and could easily be kept constant to within 0*2° over the time of an experiment (generally about 20 min.). The time taken for each observation was approximately 1 min. These are rather important variables, particularly with some of these films, owing to hysteresis effects. Solutions of the substances spread were made up in redistilled benzene, owing tQ insufficient solubility in petrol ether. The aqueous substrate was n /1 0 0 0 HC1 unless otherwise stated.
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A c e t a m i d e s , i?.NHC0 CH3 Condensed films of acetamides were found by Adam and Dyer (1924) to exist in two forms with a definite transition temperature, the hightemperature form being liquid with a limiting area of ca. 24*2 A2, the lowtemperature one solid with a limiting area of ca. 20*5 A2. A very simple explanation would appear possible from the suggested configurations II and III shown in figure 1. Here the high-temperature condensed form is seen to resemble the acetate and methyl ketone head-group configuration very closely, in agreement with the observed area and liquid state (see Alexander 1941) . The low-temperature condensed form is assumed to be stabilized by cross-hydrogen bonds, in accord with its solid state and great stability as compared with the liquid, rather unstable films given by the acetates and methyl ketones. Spontaneous formation of configuration III would be opposed by thermal agitation and by the work necessary to immerse the methyl group (Alexander and Schulman 1937 
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A. E. Alexander should thus tend to facilitate the change from II to III, that is, increasing F should raise the transition temperature. Adam and Dyer (1924) found experimentally that increasing F by 8*5 dynes/cm. raised the transition temperature about 2°.
The above explanation was tested by examining the force area and surface potential characteristics of monolayers of the C16, C17 and C18
acetamides, since it might reasonably be anticipated that the changes postulated would be shown up by changes in the surface moment fi. The results are shown in figure 2. The F-A curves agree closely with those of Adam and Dyer (1924) , and the marked hysteresis they described was fully confirmed; the F-A curves being very sensitive to temperature, rate of compression, and even the area at which the film was initially spread. This was especially marked for the C17 compound, which showed an inter mediate behaviour between the C16 and C18 homologues, and so no F-A curve is given for this. The surface potential curve, however, includes values from all three compounds and at temperatures between 18 and 26°, since no differences greater than about 10-15 mV were observed. Owing to the above hysteresis effects this curve is less definite over the range A2 than in the expanded region (46*5-54 A2) or in the condensed at less than 25 A2, where the potentials agreed to within 5 mV. Slight col lapse was observed in the highly condensed films <21 A2), but even at 50 dynes pressure this was extremely slow.
The fi-A curve shows that fi is constant at 302 m.-Debyes in the expanded region, commences to rise when condensation sets in, shows a fairly flat region from about 30-24 A2, and then rises very rapidly when transition from the liquid large-area to the solid low-area form sets in, reaching a final value of about 390 m.-Debyes. The total increase in moment is thus about 30 %. An increase of this magnitude is most unusual, the only other example being the cyanides (see Alexander 1941) , but the following explanation can be suggested.
The configuration in the expanded state is almost certainly that of I in figure 1, with the resultant dipole vertically orientated, and no possi bility of cross-hydrogen bonding on account of the large areas occupied. On transition to the condensed forms II and III the C= 0 group reorienta tion will tend to decrease /i, particularly in configuration III, and in order to account for the observed increase in this configuration it would seem that a very large moment, approximating to that of an ionic link, has to be ascribed to the hydrogen bond. This is readily explicable on Pauling's view of the essentially ionic nature of this bond (Pauling 1939) , although objec tions have been raised against this view in certain cases (Davies 1940a) .
The validity of configurations II and III can also be tested by calculating the hydrogen bond distances (i.e. the N ...0 separations), which in the latter should approach the value for the crystal. This was done assuming that the minimum cross-sectional area of the chain was 21*0 A2 (from figure 2), that the thickness of the hydrocarbon chain perpendicular to the planar zigzags (i.e. to the plane of the paper in figure 1) was 4-6 A in all cases, and that in configuration II the chains were tilted over so as to fill the available space. The value of 4-6 A, although to some extent arbitrary since the exact mode of packing of the long chains is uncertain, is a reasonable one, being that found by Muller (1932) from X-ray measure ments upon hydrocarbons at the melting-point. These points are discussed in more detail in the following paper. The bond distances and angles are taken from Pauling (1939) , unless otherwise stated.
Calculation upon the above assumptions gives at 24 A2 a minimum separation of close to 4 A between the N and O atoms, corresponding to a chain inclination of about 30° to the vertical. Since this distance is con siderably greater than the normal distance of 2* 8-3*0 A found in the crystal, only negligible direct hydrogen bonding can take place, and so the film remains fluid. The increase in fi from the expanded state does, however, indicate some change in the head-group structure, and a rather speculative suggestion is that cross-linking occurs through the OH bond of a single water molecule. Further reduction in the N to O distance is impossible in this configuration, since the necessary increased tilt of the hydrocarbon chain would require an area greater than 24 A2. (Taking the minimum cross-section as 21 A2, a tilt of 30° corresponds to an area of 24*3 A2.) This reduction can, however, take place by transition to configuration III, where at 21 A2 a similar calculation to that above gives the hydrogen bond distance as 2*8 A, very close to the X-ray value of 2*85 A in diketopiperazine (see Astbury 1940) . The observed great rigidity fits in well with this. Thus these calculations upon the hydrogen bond distances are in accord with the postulated structures.
Further confirmation is obtained by a comparison with octadecyl acetate and heptadecyl methyl ketone which cannot form such intermolecular hydrogen bonds. These are very much less stable in the con densed state, giving liquid films at all compressions, and as shown by the ji-A curves, no reorientation of the methyl group occurs, since this would reduce the moment very much more than observed experimentally (see Alexander (1941) , and the following paper).
The stabilizing action of the cross-hydrogen bonds can be so weakened by the action of strongly acid substrates (e.g. 5n .H 2S0 4), that liquefaction is brought about. Certain other reagents, such as urea, may exert a similar effect.
(b) U r e a s , 7?.NHCONH2 The ureas were found by Adam (1922 Adam ( , 1923 and by Adam and Dyer (1924) to resemble the acetamides in showing a fairly definite transition in the condensed region, but in this case the* high-area form (limiting area ca. 25 A2) was the stable one at low temperatures, and the low-area form (limiting area ca. 21 A2) at high temperatures. This high-area form resembles the a-amino acids in existing as a solid film at areas considerably greater than that of close-packed, vertically orientated chains (see following paper). These facts and others presented below are again very simply explained by intermolecular hydrogen bonds, the suggested head-group configurations being shown in figure 3 .
As discussed in the following paper it would seem that fi is at its maxi mum value at the limiting area, so assuming cross-hydrogen bonding to be the cause of the observed solidity and large area in configuration I, then transition to II should tend to decrease /i. This is confirmed experimentally as shown by figure 4. Also transition from I to II should be favoured by increase of pressure and of temperature (the latter by tending to weaken the hydrogen bonding). This agrees with Adam's observation (Adam 1922 (Adam , 1923 that the transition temperature is lowered a few degrees by lateral compression. The reason for configuration I being preferred to II is prob ably due to the stronger hydrogen bonds formed with the unsubstituted -NH2 group, owing to the smaller negative character of the Substituted nitrogen atom. As with the acetamides, the assumption of cross-hydrogen bonding can be tested by calculation of the hydrogen bond distance. (Urea gives values of 2*98 and 3*03 A-see Astbury 1940 .) A calculation using the same assumptions as for the acetamides gives at the limiting area of 25*5 A2 a value of 3*1 A, at 25 A2 one of 3*0 A. The chain tilt in both cases is approxi mately 30° to the vertical. (The mean value of 25-5 A2 for the limiting area is taken from the above results of Adam, those of Cockbain (1939) , and those of the author.) The vertical configuration II is seen to be identical with configuration III in the acetamides, so a similar hydrogen bond distance of 2*8 A is found.
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The experimental results with hexadecyl urea in the low and high temperature forms upon n/1000 HC1 substrate are shown in figure 4. (The spreading solution was benzene containing 5 % ethyl alcohol.) The F-A curve given is that obtained on initial compression. After compression and expansion the hysteresis effects are much reduced and a value close to 25 A2 is obtained for the limiting area. There is seen to be no abrupt change in fi during the transition from one form to the other, in agreement with the suggested structures.
The F-A curves given by Adam (1922 Adam ( , 1923 , by Adam and Dyer (192 and by Cockbain (1939) form had a much lower compressibility and gave a much more solid film. I t was suspected that this difference was due to the difference in substrate pH modifying the strength of the hydrogen bonding. (The substrate used by Adam was distilled water; by Cockbain phosphate buffer pH 8-0.) Accordingly the F-A curve for hexadecyl urea was determined using N .HC1 as substrate (T = 19°), since this should, bring about a much more pronounced effect. A very marked effect was indeed found, the F-A curve now being of the 'normal' type £ts given by most condensed films (see figure 1 of the following paper), with an extrapolated area for the X Y region of ca. 25 A2, and the kink-point Y at close to 21 A2 (F ca. 28 dynes cm.). The film was a viscous liquid or very weak solid at the largest areas and never became a strong solid even below 21 A2. Thus it is evident th at the hydrogen ion can modify the strength of the infcermolecular hydrogen bonding very considerably, as also shown above with the acetamides. This observation probably accounts for the variation with pH, and the much greater stability upon very acid substrates, of stearic anilide monolayers (Rideal and Mitchell 1937) .
(c)
A m i d e s, i?.CONH2
Similar considerations to those already put forward should apply to the simple and mono-substituted amides, since they both contain the -CO.NH-group. Little has been done on the unsubstituted amides, although Adam (1922 Adam ( , 1923 records that they form very rigid films. Of the mono-substituted derivatives only methyl stearamide appears to have been examined. C^HggCONHCHg Mitchell (1939) records that this gives a rigid solid film even at 23 A2 (T = 25°), and the surface moment ji varies quite markedly with pH (cf. the dependence of F-A curve of ureas upon pH). Thus it differs greatly from the very similar compound methyl stearate C17H35COOCH3 which gives a liquid film at all areas, and where fi appears to be independent of the pH (Alexander and Schulman 1937; Alexander and Rideal 1937) .
(d) Methyl stearamide,
I t is possible to put forward a structure at the limiting area (given by Cockbain (1939) as ca. 24*5 A2), based as in previous examples upon the assumption th at intermolecular hydrogen bonding is the determining factor. A similar calculation as in,the acetamides shows that the mini mum hydrogen bond distance is ca. 2*9 A at 24*5 A2, with a chain tilt of ca. 30° to the vertical (configuration I, figure 5 ). The similarity to the picture suggested below for the acids (configuration I, figure 7) is quite striking.
On compression from the limiting area the necessary alteration in tilt of the hydrocarbon chain brings about an increase in the hydrogen bond distance, suggesting once again that the limiting area in these cases is determined by such cross hydrogen bonding. At 21 A2 the suggested con figuration (II in figure 5 ) has a hydrogen bond distance of ca. 3-15 A. It differs somewhat from that suggested for the acids at this area (figure 7, configuration II), since a precisely similar one is excluded on account of the presence of the methyl group, but, as might be expected in view of their similar head groups, closely resembles that for the condensed form of ethyl stearate (Alexander and Schulman 1937)* As in the ureas and acids, transition from configuration I to II decreases fi quite considerably (Cockbain 1939) , indicating that the free energy of the head-group/water system is a minimum at the limiting area. This aspect is further discussed in the following paper. 
Figure 6
Configuration I I A = 21 A2. Hydrogen bond distance ca. 3*1 A. Vertical chains. Cockbain (1939) made the interesting observation that in a 1:1 mixed film of methyl stearamide and hexadecyl urea at 20°, the latter is present as the low-area form, normally the one stable at high temperature (> 24°). No explanation was attempted, but from the considerations advanced in this paper it would seem that a modification of the cross-hydrogen bonding between the urea molecules, as might be expected from the nature of the second component, would provide a plausible explanation. As shown above a similar change can be brought about by using very acid substrates.
(e) Acetanilides, jR.C6H4.NHCOCH3 Hexadecyl acetanilide was found by Adam (1923) to give two types of condensed film, one of limiting area 28*2 A2 (T < 24°), the other of 25*8 A2 (T> 29°). Again, a simple explanation would be that the large area form is stabilized by directed hydrogen bonds as in configuration I of figure 6. Increase of temperature breaks down this structure, thus permitting the methyl group and C = 0 dipole to reorientate themselves into a configura tion similar to that of the acetates and methyl ketones (configuration II, figure 6 ). This is supported by calculation of the hydrogen bond distances in the two configurations, using the data for stearic anilide as given by Rideal and Mitchell (1937) . I t is rather striking th at using the same configuration as for the acetamides (configuration III, figure 1), an identical hydrogen bond distance of 2*8 A is obtained. Taking the area occupied by closely packed benzene rings in the monolayer as 23-8 A2 (Adam 1923) , and the angle between the nitrogen valencies for simplicity as 110°, then the area occupied by these rings in configuration I is about 29 A2, very close to the experimental one of 28*2 A2. Evidently this structure is partially stabilized by such close-packed rings, just as the acetamides were by close-packed hydrocarbon chains. The high-temperature form (configuration II) is seen to be precisely similar to the corresponding form of the acetamides (configuration II, figure 1), with an identical value of ca. 4 A for the hydrogen bond distance. I t is evident th at no direct bonding can occur, but by analogy with the acetamides it can be suggested that cross-linkage occurs through the OH bond of a single water -molecule. The surface potentials in the expanded and condensed states would help towards a more detailed understanding. The rather larger area occupied by configuration II as compared with the unsubstituted anilines is readily ascribed to the ' acetate ' configuration of the head group (see Alexander and Schulman 1937) .
(/) Aldoximes, I?.CH=N OH These appear to be somewhat anomalous, as discussed in the following paper, in showing no fall in pi n the condensed state, but this m due to intermolecular hydrogen bonding offsetting the change in dipole orientation as shown in some of the previous examples. Solid films would then be expected in the most compressed region. This is not recorded in any published work (Adam 1923; Adam, Danielli and Harding 1934) , but has been confirmed by Professor Adam (private communication) and by experiments by the author. The films are liquid along (see figure 1 of following paper) and solidify close to the kink-point Y.
To explain the increase in at the limiting area (ca. 25 A2) over that in the expanded state a similar explanation as for the acetamides can be put forward, namely that cross-linkage occurs through the OH bond of a single water molecule.
(g) Acids, R . COOH As is well known, condensed films of acids on dilute acid substrates show a limiting area of about 24 A2 (Nutting and Harkins 1939) , a rather high value in view of the simple head group. I t can be suggested th at this is due to directed hydrogen bonds stabilizing a comparatively open structure as in ice. Increase of pressure, either externally by increasing F, or internally by increasing the chain length, should tend to decrease the limiting area, in accord with experiment (Nutting and Harkins 1939; Adam and Dyer 1924) . Also the surface moment should decrease on com pression and differ from that in the expanded state. The absolute values in the expanded region differ somewhat (possibly owing to solubility effects), but it does seem that ju,is a maximum a at both smaller and larger areas (Schulman and Rideal 1931; Adam and Harding 1932; Addink 1934; Dervichian 1936) . The suggested structures in the condensed films are given in figure 7. At 24 A2, a similar calculation to the previous ones gives a minimum hydrogen bond distance of 2-8 A, with the chains tilted at approximately 30° to the vertical. This distance is again quite close to the value found in the crystal (e.g. 2*67 A in formic acid dimer, 2*6 A in oxalic acid-see Robertson 1940) . Also the tilt corresponds to an effective area occupied by the hydrocarbon chain of about 24*3 A2, which fits in very well with the observed area. In the condensed state at 21 A2, where vertical chains are assumed, the hydrogen bond distance is seen from figure 7 to have increased to about 3*2 A, and so the limiting area of 24 A2 seems to be mainly due to the spatial arrangement required by the intermolecular hydrogen bonding.
As the pH is increased the limiting area decreases until a completely condensed, solid film, is obtained. As suggested in the introduction, this may be due to strong hydrogen bonding between the ionized and unionized molecules, owing to the very negative character of the carboxyl ion. The calculated value of the minimum hydrogen bond distance is 3*1 A at 21 A2.
(h)oc-amino acids, i?.CH .N H 2COOH or i2.CH.NH3 +COO' The behaviour of these simple zwitterions should help towards eluci dating the part played by similar groupings in the protein molecule, where one of the cross-linkages is assumed to be that between acidic and basic side chains. These are generally termed 'salt' or 'salt-like' linkages, but may also be considered as hydrogen bridges (for a review see Astbury 1940) .
Monolayers of a-amino stearic acid have been investigated by Porter (i937), but no mention is made of their physical state. Askew and Danielli (1940) have pointed out that a-amino palmitic acid gives a solid monolayer at the oil/water interface at areas less than about 50 A2 (pH 4). This latter compound has now been examined at the air/water interface at pH 7*2 (m/40 phosphate buffer). The spreading solution was made up according to the directions given by Porter (1937) .
Very considerable hysteresis was observed, the limiting area on initial compression being about 48 A2, reduced by compression and re-expansion to about 38 A2. The film was fluid at areas down to about 36 A2, when gelation set in, becoming a very strong gel at about 30 A2, and a rigid stable solid at smaller areas. Pressures of over 50 dynes/cm. were easily withstood.
The resemblance between these monolayers and those given by the ureas is very obvious. Assuming intermolecular hydrogen bonding to be the cause, this should be very strong on account of the zwitterionic nature of the head group. Calculation of the hydrogen bond distance, using the angles and distances for glycine as given by Albrecht and Corey (1939) , and the assumptions used in earlier examples, gives a value of 4*2 A at 36 A2 (commencement of gelation), 3*0 A at 30 A2 (strong gel), and 2*7 A at 29 A2 (rigid solid). The latter two agree well with values found in the glycine crystal (2-76, 2-88, 2-93 and 3-05 A), the former, which is the value at the commencement of gelation, may possibly be due to cross-linking through a water molecule, as suggested above in several instances.
C a l c u l a t i o n ' o f t h e h y d r o g e n b o n d e n e r g i e s
From the above results on the acetamides it is possible to make an approximate calculation of the difference in energy of the -CO.NHgroup when forming hydrogen bonds with water molecules, as in the ex panded films (configuration I, figure 1), and when cross-linked as in the low temperature condensed form (configuration III, figure 1) . The magni tude of this difference will, of course, decide the part played by the latter type towards stabilizing the protein molecule.
Since fi increases by about 90 m.-Debyes during this transition, then the energy of the head-group/water system has been decreased by an amount HAjll, where Aju, = 90 m.-Debyes, and H is the the interface. Taking this to be constant at 1*5 x 108 V/cm. (Mitchell 1936) , this corresponds to about 640 cal./g.mol. The transition, however, also involves a rotation of the methyl group which is known to require about 200 cal./g.mol. (Alexander and Schulman 1937) . Hence the difference in free energy is very approximately 840 cal./g.mol., showing th at in this case intermoleeular hydrogen bonding brings about an appreciable increase in stability.
Similar ideas should hold for the other systems discussed in this paper, and so far as the data permit, this would seem to be-so. Thus as pointed out, in the case of the acids fi is a maximum a 30 m.-Debyes greater than in the expanded region. Again, with the aldoximes fi increases by about 70 m.-Debyes from the expanded to the condensed state (Adam, Danielli and Harding 1934) . I t is also extremely significant th at in the examples of mixed films discussed by Marsden and Schulman (1938) and by Harkins and Florence (1938) , those in which hydrogen bonding would seem to be most probable (e.g. amine and ether at pH 2) give very marked increases in surface potential over the mean value expected.
C o n c l u s i o n I t would seem from the above examples th at cross-hydrogen bonding is a factor which in certain cases can play a predominant part in deter mining the characteristics of monolayers. Using such simple compounds as the acetamides, the action of such reagents as urea, thiocyanates, etc., upon the keto-imino hydrogen bond can now be examined, and some correlation with their effect upon the protein molecule may be possible. Also, using the a-amino acids, this may be extended to observing their effect upon the 'salt' linkages in proteins.
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